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Abstract		
Development	and	Application	of	a	Wearable	Device	for	Real	Time	
Potentiometric	Determination	of	Electrolytes	in	Sweat	
Tom	Glennon			The	most	common	methods	of	biomedical	diagnosis	are	blood-based	and	therefore	require	invasive	methods	for	acquiring	a	sample	causing	trauma	and	presenting	a	risk	of	 infection.	This	has	 led	 to	 the	development	of	 sensors	 targeting	minimally	invasive	 bio-fluids	 such	 as	 interstitial	 fluid	 and	 non-invasive	 bio-fluids	 including	saliva	 and	 sweat.	 The	 monitoring	 of	 sweat	 in	 electrolytes,	 for	 example,	 has	 a	number	of	applications	including	determining	the	efficacy	of	drugs	on	the	chloride	and	sodium	levels	in	cystic	fibrosis	patients	as	well	as	the	monitoring	of	hydration	levels	 in	 athletes	 to	 detect	 non-symptomatic	 overhydration,	 dehydration	 and	fatigue.		This	work	presents	the	development	of	a	platform	for	harvesting	and	analysing	the	sodium	content	of	sweat	in	real	time.	In	chapter	2	miniaturised	solid-state	sodium-selective	and	reference	electrodes	are	developed,	characterized	and	optimised.	In	chapter	 3	 these	 sensors	 are	 then	 incorporated	 into	 a	 custom	designed	 sampling	and	fluidic	system	allowing	passive	transfer	of	the	sweat	from	a	point	of	contact	on	the	skin	to	a	fluidic	channel	across	the	electrodes	for	analysis	before	transport	to	a	sampling	reservoir.	Chapter	4	presents	the	integration	and	real-time	on-body	trials	of	 the	 sensing	 and	 fluidic	 components	with	 a	 custom-designed	 electronic	 circuit	board	and	lithium	battery.			Two	platforms	were	developed,	a	‘watch’	type	format	for	wrist	based	analysis	and	a	 ‘pod’	 format,	arranged	horizontally	 for	adaptable	monitoring	in	various	regions	of	the	body.	The	devices	can	be	easily	disassembled	to	replace	the	electrodes	and	the	high	capacity	adsorbent	material.	The	storage	sweat	is	available	for	subsequent	measurement	 of	 the	 total	 volume	 of	 sweat	 harvested	 and	 the	 average	concentration	of	sodium	over	the	period	of	use.	Results	obtained	during	trials	over	
Abstract		
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a	 period	 of	 up	 to	 60	minutes	 controlled	 exercise	 are	 consistent	with	 previously	published	 data,	 showing	 a	 gradual	 increase	 of	 the	 sodium	 concentration	 in	 the	sweat	during	this	period.		
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Chapter	1 A	 Review	 of	 the	 Advances,	 Challenges	 and	
Opportunities	 in	Wearable	 Technology	 for	 Chemical	 Analysis	
of	Sweat		
1.1 Introduction		The	biomedical	diagnostics	 industry	 is	currently	evolving	 from	 large	expensive	lab	based	devices	to	small	portable	systems	allowing	personal	sensing	and	point	of	 care	 analysis	 [1].	 One	 of	 the	 key	 examples	 of	 this	 is	 in	 the	 integration	 of	miniaturised	chemical	sensing	with	wearable	technology,	which	is	currently	one	of	 the	 fastest	 growing	 sectors	 in	 the	 world.	 A	 recent	 report	 estimates	 the	wearable	technology	market	to	be	currently	worth	$30	billion	and	predicts	it	to	rise	 to	 $150	billion	by	2026	 [2],	 [3].	While	 in	 that	 report	wearable	 technology	encompasses	 all	 electronic	 products	 designed	 to	 be	 worn	 on	 the	 body	 it	 also	specifies	 an	 expected	 compound	 annual	 growth	 rate	 of	 32%	 for	 wearable	chemical	sensors	for	the	next	10	years	[3].			This	economical	and	technological	environment	is	providing	great	opportunities	for	 the	 development	 of	 wearable	 sensors	 for	 a	 range	 of	 biomedical	 purposes	from	 the	 monitoring	 of	 mobility	 in	 rheumatoid	 arthritis	 patients	 [4]	 to	 the	monitoring	 of	 glucose	 levels	 in	 ocular	 fluid	 [5].	One	of	 the	main	 advantages	 of	wearable	 chemical	 sensing	 is	 the	 ability	 to	 incorporate	 non-invasive	 sensing	which	uses	 readily	 available	 fluids	 such	as	 saliva,	 sweat	 and	 tears	 to	 test	 for	 a	target	analyte	instead	of	obtaining	a	blood	sample	by	traditional	methods,	such	as	phlebotomy	or	finger	prick	which	risk	infection	and	trauma	[6].	These	sensors	also	allow	real-time	monitoring	which	allow	collection	of	 information	about	an	individuals	 biochemical	 responses	 to	 certain	 activities	 such	 as	 exercise	 while	they	can	also	be	employed	to	monitor	exposure	to	chemicals	in	the	environment	including	the	levels	of	toxic	volatile	organic	compounds	at	gas	stations	[7].			An	 application	 of	 wearable	 sensors	 currently	 drawing	 considerable	 interest	 is	the	monitoring	of	electrolyte	levels	in	sweat	as	it	has	applications	in	monitoring	
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the	 performance	 of	 athletes	 as	 well	 as	 in	 providing	 information	 in	 medical	conditions	 such	 as	 cystic	 fibrosis.	While	 the	 fabrication	 and	mode	 of	 action	 of	wearable	 sensors	 can	 vary	 widely	 there	 are	 many	 common	 issues	 in	 their	incorporation	 into	 wearable	 platforms	 including	 aesthetics,	 ergonomics,	 data	analysis,	wireless	communication	and	an	integrated	power	supply.	This	chapter	reviews	 the	 advances,	 opportunities	 and	 challenges	 in	 the	 development	 of	wearable	sensors	for	monitoring	electrolyte	levels	in	real	time.	The	first	section	focuses	on	the	overall	technology	developed	for	wearable	biomedical	monitoring	with	 emphasis	 on	 the	 application	 of	 this	 technology	 to	 non-invasive	 chemical	monitoring	before	focusing	on	the	values	of	sweat	as	a	diagnostic	medium.	The	second	 section	 looks	 at	 the	development	 of	 ion	 selective	 electrodes	 (ISEs)	 and	their	use	 in	wearable	 sensors.	A	 third	 section	 focuses	on	 advances	 in	 research	contributing	to	the	realisation	of	fully	integrated	wearable	analysis	systems.		
1.2 Wearable	Sensor	Technology	in	Personal	Sensing	and	Point	of	Care	
Diagnostics		Wearable	sensors	employing	a	range	of	technologies	are	being	used	for	a	range	of	applications	in	biomedical	diagnostics.	The	best	known	physiological	sensors	are	 wearable	 fitness	 trackers	 which	 monitor	 physical	 activity	 such	 as	 speed,	steps	taken	and	heart-rate	to	provide	constructive	feedback	to	the	user	and	are	widely	commercially	available	[8]–[10].	These	devices	have	also	helped	monitor	patients	 rehabilitation	 along	 with	 other	 more	 specialised	 sensors	 such	 as	mobility	monitors	and	sensors	for	monitoring	cardiovascular	and	motor-neuron	function	 through	 the	 analysis	 of	 electrical	 signals	 based	 on	 electrocardiogram	(ECG)	 and	 electromyography	 (EMG)	 [11],	 [12].	 Chemical	 sensors	 are	 used	 to	detect	 specific	 analytes	 present	 on	 the	 wearer	 or	 in	 the	 surrounding	environment.		One	 approach	 to	 wearable	 technology	 is	 the	 incorporation	 of	 electronics	 and	interconnections	into	fabric	to	create	smart	textiles	[13].	An	example	of	this	was	developed	 by	 Paul	 et	 al.	 by	 screen	 printing	 electrodes	 directly	 onto	 a	 woven	textile	to	create	a	chest	band	for	ECG	monitoring	and	a	head	band	for	facial	EMG	
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Some	 progress	 has	 been	 made	 in	 non-invasive	 optical	 sensing	 with	 the	development	of	BSXinsight,	a	commercially	available	wearable	device	which	uses	near	 infrared	 LED	 technology	 to	 measure	 gastrocnemius	 muscle	 oxygenation	and	predict	 lactate	 threshold	 in	cyclists	 [31],	 [32].	However,	 the	most	common	targets	for	non-invasive	chemical	sensing	are	readily	available	biofluids	such	as	tears,	saliva	and	sweat	[6],	[33],	[34].			
1.2.1.1 Ocular	Fluid	Based	Wearable	Sensors		Tear	 fluid	 is	 a	 source	 of	 many	 analytes	 of	 interest	 in	 medical	 diagnostics	including	glucose,	 lactate,	Na+,	K+,	and	urea	[35]–[38].	Due	to	their	well	defined	prolonged	 use	 in	 the	 eye	 contact	 lenses	 are	 being	 developed	 with	 embedded	sensors	 to	 analyse	 this	 information	 rich	 fluid	 in	 real	 time	 as	 well	 as	 being	investigated	for	drug	delivery	and	for	the	delivery	of	stem	cells	to	treat	corneal	blindness	[39]–[41].	Electrochemical	sensors	are	the	most	popular	methods	for	incorporation	into	contact	lenses	due	to	the	lack	of	a	need	for	reagents	and	the	ease	 of	 integrating	 electrodes	 onto	 polymer	 surfaces	 [35],	 [36].	 Liao	 et	 al.	developed	 a	 non-invasive	 contact	 lens	 for	 fully	 integrated	 electrochemical	continuous	 glucose	 monitoring	 consisting	 of	 a	 glucose	 sensor	 with	 power	management,	 readout	 circuitry,	 wireless	 communication	 interface,	 LED	 driver,	and	 energy	 storage	 capacitors	 in	 a	 CMOS	 chip	 on	 a	 polymer	 substrate	 [42].	Optical	methods	 for	wearable	 analysis	 of	 tears	 such	 as	 the	use	of	 boronic	 acid	based	 colorimetric	 glucose	 monitoring	 in	 contact	 lenses	 are	 also	 being	investigated	[43]–[45].			
1.2.1.2 Wearable	Saliva	Based	Sensing		Saliva	 is	 a	 popular	 medium	 for	 non-invasive	 diagnostics	 [34]	 as	 it	 is	 readily	available	 and	 is	 a	 source	 of	 many	 analytes	 including	 glucose,	 lactate	 and	phosphate	as	well	as	several	enzymes,	antibodies	and	hormones	such	as	salivary	alpha	 amylase,	 immunoglobulin	 g,	 cortisol	 and	 testosterone	 [46]–[49].	Disposable	 electrochemical	 sensors	 have	 been	 developed	 for	 salivary	 analysis	with	some	being	integrated	into	mouth	guards	for	wearable	analysis	[50],	[51].	
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One	 example	 of	 this	 is	 a	 screen-printed	 amperometric	 uricase/Prussian-blue	based	sensor	 integrated	with	an	amperometric	circuit	board	on	a	mouth	guard	developed	 by	Kim	 et	al.	 for	 real	 time	wireless	monitoring	 of	 salivary	 uric	 acid	[52].	Another	approach	to	wearable	oral	analysis	was	demonstrated	by	Mannoor	
et	al.	in	the	development	of	a	parallel	resonant	circuit	with	a	gold	inductive	coil	for	 wireless	 transmission,	 and	 inter	 digitised	 capacitive	 electrodes	 integrated	onto	 a	 graphene/silk	 film	 which	 is	 adhered	 directly	 to	 the	 tooth	 allowing	wireless	detection	of	bacteria	on	tooth	enamel	[53].			
1.2.1.3 Wearable	Sweat	Based	Sensors		Sweat	has	many	applications	in	medicine	as	a	source	of	many	metabolites	such	as	 glucose	 and	 lactate	 and	 xenobiotics	 such	 as	 prescription	 drugs,	 alcohol,	marijuana	 and	 cocaine	 [54]–[57].	 Sweat	 electrolyte	 analysis	 has	 particular	potential	in	the	diagnosis	of	cystic	fibrosis	and	monitoring	performance	levels	in	athletes	[58],	[59].	The	development	of	sensors	for	wearable	monitoring	of	sweat	is	 particularly	 desirable	 because	 of	 the	 potential	 to	 integrate	 them	with	 smart	watches	and	similar	devices.			Wearable	sweat	sensing	is	evolving	rapidly	as	technology	allows	the	fabrication	of	smaller	electronic,	fluidic	and	sensing	systems.	An	early	example	of	chemical	sweat	sensing	is	evident	in	a	2009	publication	by	Morris	et	al.	[60]	as	a	wearable	textile	 based	 sensor	 integrating	 LEDs	 for	 paired	 emitter-detector	 diode	 [61]	colorimetric	 determination	 of	 pH	 in	 sweat	 (a,	 Figure	 1-3).	 A	 waistband	 was	fabricated	from	a	polyester/lycra	blend	material	and	Bromocresol	purple,	a	pH	sensitive	dye,	was	 immobilised	within	channels	defined	by	a	silicon	sealant.	As	sweat	 accumulated	 on	 the	 skin	 it	 wicked	 through	 the	 fabric	 into	 the	 channel	through	 the	 immobilised	 dye	 to	 an	 area	 directly	 under	 the	 LED	 system,	connected	to	an	electronic	circuit	allowing	real-time	monitoring	of	sweat	pH	in	the	relevant	range	of	5-7	[60],	[62].	
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integrated	 NFC	 electronics	 and	 a	 control	 spot	 within	 the	 PDMS	 allowing	proximity	and	colorimetric	references	 for	optimal	results	 from	the	capture	and	analysis	software	employed.		Electrochemical	sensors	are	of	 large	 interest	 in	diagnostics	due	to	their	ease	of	fabrication,	 low	 cost,	 portability	 and	 simplicity	 [67].	 Many	 wearable	 sweat	sensors	have	been	developed	incorporating	potentiometric	sensors	with	simple	fabrication	techniques	such	as	screen-printing.	Schazmann	et	al.	[68]	developed	the	Sodium	Sensor	Belt	(SSB),	a	wearable	device	for	monitoring	sodium	levels	in	sweat.	 The	 platform	was	 an	 elasticated	 belt	 incorporating	 a	 Na+	ISE	 in	 plastic	housing	with	 an	 absorbent	 fabric	 acting	 as	 a	 passive	 pump	 for	 sweat	 transfer	while	a	potentiometer	was	connected	to	the	electrodes	to	monitor	the	potential	in	 real	 time.	The	 SSB	was	 successfully	 used	 in	 on	body	 trials	 in	 a	 comparative	study	 of	 the	 sweat	 Na+	 concentrations	 of	 healthy	 individuals	 with	 those	 of	individuals	with	cystic	fibrosis.			Other	approaches	towards	wearable	sensing	aim	to	analyse	sweat	by	fabricating	electrodes	 directly	 onto	 fabric	 for	 integration	 with	 clothing	 [13],	 [69].	 When	developing	 electrodes	 on	 new	 substrates	 especially	 flexible	 substrates	 it	 is	important	 to	 define	 the	 effects	 of	 the	 material	 on	 the	 electrodes.	 Yang	 et	 al.	compared	 screen	 printed	 carbon	 electrodes	 on	 three	 substrates,	 a	 plastic	Mylar®	 material	 as	 a	 rigid	 reference	 alongside	 the	 elastic	 waistbands	 of	 two	brands	 of	 underwear	 MERONA®	 and	 COVINGTON®	 [70].	 Cyclic	 voltammetry	showed	 similar	 initial	 responses	 to	 background	 phosphate	 buffer	 and	 5	 mM	ferrocyanide.	 The	 effects	 of	mechanical	 stress	was	 assessed	 by	monitoring	 the	effect	 of	 four	 successive	 stretching	 and	 bending	 steps.	 Chronoamperometric	analyisis	 showed	 minimal	 detrimental	 effect	 of	 bending	 and	 stretching	 upon	measurements	 for	 NADH	 while	 enhanced	 signals	 were	 observed	 for	 chemical	responses	to	hydrogen	peroxide	after	mechanical	stress.		Textile	 based	 sensors	 withstand	 stretching	 stress	 better	 than	 plastic	 sensors,	however,	 they	 are	 limited	 in	 terms	 of	 the	 fabrics	 that	 can	 be	 used	 for	 optimal	results	 [71]	 and	 the	 locations	 on	 the	 body	 they	 are	 in	 contact	 [72].	 In	 2012	
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Windmiller	 et	al.	 presented	 the	 first	 example	 of	 a	 novel	 approach	 to	wearable	electrodes	 by	 screen-printing	 electrodes	 directly	 onto	 temporary	 tattoo	 paper	allowing	transfer	of	the	flexible	sensor	directly	onto	the	skin	[73].	This	technique	has	been	employed	for	the	analysis	of	the	skin	barrier	including	various	analytes	in	sweat	including	pH,	ammonium	and	lactate	[74]–[76].			A	tattoo	based	non-invasive	wearable	stripping-voltammetric	detection	of	trace	metals	 was	 demonstrated	 by	 Kim	 et	 al.	 [77].	 They	 screen-printed	 pseudo-reference	(Ag/AgCl),	counter	and	working	(carbon)	electrodes	and	a	transparent	insulating	 layer	 on	 Papilio	 temporary	 transfer	 tattoo	 base	 paper	 before	modification	 of	 the	 working	 electrode	 for	 Zn	 detection.	 The	 sensor	 was	calibrated	in	Zn	concentrations	from	0.1	to	2	μg/ml	reflecting	the	concentrations	of	0.39	to	1.56	μg/ml	[78]	and	was	successfully	used	to	monitor	real	time	sweat	Zn	levels	during	on	body	trials.	The	effects	on	the	electrodes	of	mechanical	stress	during	 physical	 activity	 was	 studied	 after	 exposing	 the	 electrodes	 to	 100	stretching	 and	 bending	 cycles	 with	 no	 observable	 damage,	 while	 normal	electrochemical	response	was	retained	under	30	cycles	[77].			Commercial	 carbon	 fibres	 are	 also	 emerging	 as	 promising	 substrates	 for	electrochemical	 sensing	 [79]–[81]	with	 desirable	 qualities	 such	 as	 low	weight,	low	 cost	 and	 chemical	 and	 mechanical	 resistance	 [82].	 A	 wearable	potentiometric	 sodium	 sensor	 with	 integrated	 commercial	 carbon	 fibre	 based	Na+	ISEs	and	reference	electrodes	has	been	developed	by	Parrilla	et	al.	[83].	ISE	and	reference	membranes	were	polymerised	onto	one	exposed	end	of	separate	carbon	 fibre	 bundles	 of	 1	 mm	 diameter	 and	 incorporated	 into	 plastic	 sleeves	with	 a	 cotton	 strip	 providing	 passive	 flow	 of	 the	 sweat	 across	 the	 electrodes	from	 the	 sampling	 area	 with	 the	 other	 ends	 of	 the	 fibre	 bundles	 providing	electrical	contacts	for	potentiometric	monitoring.	The	sensors	were	successfully	used	for	real	time	monitoring	of	sweat	Na+	levels	in	body	trials.		As	miniaturised	electrochemical	sensor	 technology	 is	maturing	 the	emphasis	 is	continuing	 to	 shift	 to	 combining	 it	 with	 advanced	 technology	 from	 other	disciplines	to	realise	fully	integrated	wearable	electrochemical	sweat	sensors.	An	
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(FPCB).	 The	 FPCB	 incorporates	 modules	 allowing	 signal	 transduction,	conditioning,	 processing	 and	 Bluetooth	 wireless	 transmission	 facilitating	 data	collection	analysis	and	communication	powered	by	a	single	lithium	ion	polymer	battery.	 The	 smart	 bands	 were	 used	 to	 analyse	 sweat	 during	 on	 body	 trials	consisting	of	volunteers	cycling	on	a	stationary	bicycle	for	up	to	50	minutes	and	in	a	study	to	identify	dehydration	in	prolonged	outdoor	running	trials	lasting	ca.	100	minutes.			These	integrated	systems	are	a	good	utilisation	of	current	technology	and	a	very	positive	 reflection	 of	 the	 advances	 being	 made	 currently	 in	 wearable	 sensor	development.	The	limitations	of	these	platforms	include	the	lack	of	collection	of	sample	 fluid	 for	 prior	 analysis	 and	 the	 fact	 that	 sensing	 occurs	 directly	 on	 the	skin,	and	thus	potentially	analyse	the	constituents	of	accumulated	sweat	rather	than	 representing	 the	 constituents	 of	 the	 sweat	 in	 real-time.	 Therefore	 a	platform	that	collects	the	sweat	and	pumps	it	indirectly	across	the	electrodes	to	an	 excess	 reservoir	 may	 yield	 results	 more	 representative	 of	 real	 time	 sweat	constituents.			
1.3 Ion	Selective	Electrodes	in	Sweat	Electrolyte	Monitoring		As	 evident	 in	previous	 sections	 ISEs	 are	 a	 popular	 category	of	 electrochemical	sensor	for	incorporation	into	wearable	sensors.	This	section	aims	to	evaluate	the	role	 of	 miniaturised	 solid	 state	 ISEs	 in	 sweat	 electrolyte	 determination	 by	presenting	 the	background	and	principles	of	 the	electrodes,	 their	development	and	miniaturisation	and	their	advances	and	current	limitations.			
1.3.1 Background	and	Principles	of	ISEs		In	 the	 early	 20th	 century	 the	 development	 of	 the	 first	 H+	 responsive	 glass	electrodes	 and	 their	 subsequent	 characterisation	 [86],	 [87]	 led	 to	 substantive	interest	in	glass	electrodes	for	ionic	sensing	resulting	in	the	introduction	of	B2O3	in	 glass	 electrodes	 providing	 Na+	 sensitivity	 [88],	 [89].	 In	 the	 late	 1960s	significant	progress	was	made	in	ion	sensing	with	the	development	of	electrodes	
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for	 employing	 liquid	 ion-exchangers	 [90]	 and	 the	 fabrication	 of	 membranes	incorporating	 ionophores	 for	 ionic	 detection	 [91]	 leading	 to	 the	 first	 ISEs,	devices	that	allow	the	detection	and	quantification	of	a	target	ion	by	converting	its	activity	into	a	measurable	electrical	signal.		Conventionally	these	potentiometric	electrodes	consist	of	an	internal	electrolyte	solution	between	an	ion	selective	membrane	and	reference	electrode	(a,	Figure	1-5)	to	establish	a	constant	phase	boundary	potential	 to	govern	the	membrane	response	 [92],	 [93].	 A	 large	 range	 of	 ion	 selective	 membranes	 have	 been	developed	allowing	the	development	of	sensors	for	over	70	analytes	for	a	wide	range	 of	 applications	 [94],	 [95].	 Though	 highly	 successful	 commercially,	 these	liquid	 contact	 ISEs	 have	 many	 limitations	 including	 the	 possibility	 of	 internal	solution	 evaporation,	 sensitivity	 to	 sample	 pressure	 and	 temperature	delamination	 of	 the	 sensing	 membrane	 and	 large	 volume	 changes	 caused	 by	osmotic	 pressure	 arising	 from	 ionic	 strength	 imbalance	 between	 internal	 and	external	solutions	[96].	As	a	result	these	limitations	combined	with	the	fact	that	the	 internal	 solution	makes	miniaturising	 these	 electrodes	 difficult	 alternative	strategies	utilising	solid	state	electrodes	were	developed	[97].			
1.3.2 The	Development	of	Solid	Contact	ISEs		In	1971	Cattrall	et	al.	[98]	presented	an	approach	for	removing	the	need	for	an	internal	 reference	 solution	 by	 coating	 a	 metal	 wire	 with	 a	 poorly	 soluble	 salt	incorporating	that	metal	and	the	ion	of	interest,	for	example	Ag	wire	coated	with	AgCl	 for	 the	 detection	 of	 Cl-.	 A	 polymer	 such	 as	 polyvinyl	 chloride	 (PVC)	 was	used	 as	 a	 carrier	 of	 the	 salt	 to	 allow	 polymerisation	 to	 the	 wire.	 This	 work	displayed	 a	 simple	 means	 of	 removing	 the	 internal	 solutions,	 however,	 the	thermodynamically	 ill-defined	 ion	 selective	 membrane/electron	 conducting	interface	resulted	in	random	potential	changes	[97],	[99].			In	 order	 to	 stabilise	 the	 potential	 at	 the	 sensor	 interface	 intermediate	 layers,	known	 as	 solid	 contact	 layers,	 were	 investigated	 to	 act	 as	 ion	 to	 electron	transducers	 between	 the	 membrane	 and	 the	 electron	 conducting	 layers.	 One	
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strategy	is	to	constrain	an	internal	electrolyte	within	a	hydrogel	layer	positioned	between	the	membrane	and	conducting	layers	(b,	Figure	1-5)	[100].	Limitations	of	hydrogel	based	solid	contact	 layers	 include	sensitivity	 to	dry	storage	and	 its	tendency	to	absorb	water	leading	to	volume	changes	[97].		
	
Figure	1-5:	Schematic	of	(a)	a	liquid	contact	and	(b)	a	solid	contact	ISE	(From	Ref.	[101]).		A	 popular	 choice	 for	 solid	 contact	 layer	 are	 conducting	 polymers	 (CP)	 as	 they	exhibit	both	electronic	and	ionic	activity	and	are	easily	deposited	on	an	electron-conducting	layer	by	electrodeposition	[96],	[102].	Two	of	main	types	of	CPs	used	in	ISE	development	and	fabrication	are	poly(pyrrole)	(PPy)	and	polythiophenes	[92],	 [103].	Michalska	 et	al.	 [104]	 demonstrated	 the	 abilities	 of	 PPy	 as	 a	 solid	contact	for	Na+	and	K+	sensing	by	comparing	two	PPy	configurations,	one	doped	with	hexacyanoferrate(II)	and	one	with	a	chloride	salt	of	the	ion	of	interest,	with	liquid	 contact	 ISEs	 for	 both	 ions.	 In	 Na+	 sensing	 the	 PPy-Fe(CN)	 solid	 contact	displayed	Nernstian	responses	of	60	mV/decade	which	was	more	sensitive	than	the	 PPyCl	 solid	 contact	 with	 58.3	 mV/decade	 with	 both	 showing	 an	improvement	on	the	56	mV/decade		liquid	contact	ISE.			Poly(3-octylthiophene)	 (POT)	 and	 poly(3,4-ethylenedioxythiophene)	 (PEDOT)	are	 two	 polythiophenes	 commonly	 used	 as	 solid	 contacts	 in	 ISEs	 [105],	 [106].	POT	 is	 usually	 used	 undoped	 and	 ion-free	 due	 to	 its	 high	 oxidation	 potential	
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making	 it	 less	 likely	 to	 react	 with	 ambient	 species	 [96].	 Bobacka	 et	 al.	 [107]	removed	 the	 need	 for	 both	 a	 plasticizer	 in	 the	 ISE	 membrane	 layer	 and	 a	separate	solid	contact	layer	through	the	addition	of	POT	in	a	K+	ISE	membrane.	The	study	successfully	proved	the	concept	with	K+	detection	yielding	slopes	of	49	mV/decade.	Hu	et	al.	have	described	how	the	addition	of	doping	 ions	 in	the	CP	layer	can	help	control	whether	anions	or	cations	dominate	 the	 ion	exchange	at	the	 ISE	 membrane/conducting	 polymer	 interface	 [96].	 A	 large	 immobile	polyelectrolyte	 such	 as	 poly(sodium	 4-styrenesulfonate)	 (PSS)	 polyanion	 will	lead	to	dominated	cation	exchange	while	doping	the	CP	with	a	small	anion	will	result	 in	 anion	 dominated	 exchange.	 This	 is	 reflected	 in	 K+	sensing	with	many	ISEs	employing	PEDOT:	PSS	in	the	solid	contact	layer	[108]–[110].			In	recent	years	nano-materials	have	been	employed	in	scISE	technology.	Carbon	nanotubes	(CNT)	have	been	 incorporated	 into	solid	contact	and	 ISE	membrane	layers	 to	 improve	 stability	 [111]–[113].	 Highly	 stable	 scISEs	 have	 been	presented	by	Hu	et	al.	[114]	incorporating	colloid-imprinted	mesoporous	(CIM)	carbon	as	solid	contact	achieving	potential	drift	of	1.3	μV/h.	Paczosa-Bator	[115]	investigated	 a	 carbon	 black/graphene	 mix	 based	 solid	 contact	 layer	 and	observed	a	potential	drift	of	less	than	1	μV/h.		Solid	contact	reference	electrodes	(scRE)	have	also	been	developed	enabling	the	development	 of	 single	 platform	 solid	 state	 combination	 ISE-RE	 sensing	 [116],	[117].	Zuliani	et	al.	[118]	successfully	used	ionic	liquids	(IL)	as	a	salt	bridge	in	a	PEDOT:IL	 solid	 contact	 layer	 in	 the	 development	 of	 scISEs	 and	 solid	 contact	reference	electrodes.	Guinovart	et	al.	[119]	developed	a	PVB	Ag/AgCl	based	solid	state	reference	electrode	 for	decentralized	chemical	measurements	which	have	also	been	employed	in	a	wearable	sweat	analysis	platform	[85].		
1.3.3 Evaluating	Solid	Contact	ISE	Performance		Certain	 parameters	 are	 assessed	 to	 fully	 evaluate	 the	 performance	 of	 solid	contact	 ISEs	 and/or	 their	 suitability	 for	 clinical	 use.	 These	 include	 the	
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reproducibility	of	 the	standard	potential	 (E°)	and	 the	stability	of	electromotive	force	(emf)	(the	potential	difference	between	the	ISE	and	RE)	[96],	[120].			The	reproducibility	of	the	E°	is	primarily	defined	by	the	redox	potential	of	the	CP	layer	which	can	be	effected	by	various	parameters	 including	but	not	 limited	 to	crystallinity	of	the	CP	film	and	the	ability	of	counter-ions	to	penetrate	it,	speed	of	conformational	 change	 and	 the	 dependence	 of	 film	 morphology	 on	 the	fabrication	process	[96],	[121]–[123].	 Interpretation	of	the	U.S.	Code	of	Federal	regulations	[124]	suggests	that	a	commercial	Na+	ISE	would	have	to	achieve	an	
E°	 variation	 of	 less	 than	 0.7	 mV	 before	 it	 would	 be	 considered	 suitable	 for	calibration	free	clinical	use.	The	sensitivity	of	the	CP	redox	potential	to	a	range	of	parameters	 suggests	 it	 would	 be	 difficult	 to	 achieve	 such	 low	 E°	 variation	 so	calibration	 may	 be	 unavoidable	 in	 these	 sensors	 without	 further	 adaptation.	Buhlmann	et	al.	reported	significant	success	in	this	area	with	the	use	of	lipophilic	redox	 buffers	 consisting	 of	 the	 Co(III)	 and	 Co(II)	 complexes	 and	 achieved	 a	balanced	 ratio	 of	 the	 reduced	 and	 oxidized	 species	 leading	 to	 increased	reproducibility	with	an	E°	of	0.7	mV	[125]–[127].		Emf	stability	is	determined	by	the	level	of	potential	drift	arising	as	a	result	of	the	sensors	 internal	 environment	 independent	 of	 sample	 concentration	 and	constituents	 [96].	 ISEs	 regularly	 display	 high	 levels	 of	 potential	 drift	 when	initially	 in	 contact	with	a	 solution	containing	 the	 target	 ion,	 this	potential	drift	can	 be	 greatly	 reduced	 by	 conditioning	 the	 ISE	 in	 a	 solution	 containing	 a	 high	concentration	 of	 the	 target	 ion	 until	 emf	 reaches	 equilibrium	 [120].	 Analyte	concentration	and	duration	of	conditioning	step	vary	greatly	in	the	literature	but	generally	take	multiple	hours	[128],	[129].			Guzinski	et	al.	 [130]	 recently	studied	 the	effect	of	electron-conducting	 layer	on	conditioning	time	with	a	PEDOT:PSS	solid	contact	layer	and	found	equilibration	times	 of	 5-13	min	with	 both	 glassy	 carbon	 and	 Au	 electron	 conducting	 layers	while	over	60	min	was	required	for	equilibration	to	be	reached	on	a	Pt	electron-conducting	 layer.	Another	source	of	emf	 instability	 in	solid	contact	 ISEs	can	be	the	formation	of	an	aqueous	layer	between	the	solid	contact	and	ISE	membrane	
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layer	 [131]–[133].	The	prevention	of	 aqueous	 layer	 formation	 can	be	 achieved	with	careful	selection	of	solid	contact	and	membrane	 layer	constituents	 [134]–[136],	 however,	 this	 may	 be	 restricted	 by	 the	 application	 and	 sensor	requirements.		
1.4 Technological	Advances	Contributing	to	Fully	Integrated	Wearable	
Systems		As	 previously	 mentioned,	 the	 ability	 to	 develop	 advanced	 wearable	 chemical	sensors	 depends	 not	 only	 on	 developments	 in	 sensor	 research	 but	 also	 on	advances	 in	 other	 disciplines	 such	 as	 flexible	 electronics	 and	 battery	development.	 This	 section	 presents	 an	 insight	 into	 relevant	 recent	 advances	which	 have	 the	 potential	 to	 contribute	 to	 the	 further	 development	 of	 fully	integrated	wearable	devices.		
1.4.1 Wearable	Electronics		The	 rapid	development	 of	 the	 smartphone	 and	wearable	 device	 industries	 has	contributed	 to	 a	 large	 amount	 of	 activity	 in	 the	 development	 of	 advanced	electronics	 particularly	 in	 providing	miniaturised	 flexible,	 low	 cost,	 low	power	high	performance	circuits	for	data	processing	and	wireless	communication	[13],	[137],	 [138].	 Section	 1.2.1.3	 shows	 examples	 of	 advanced	 electronics	 already	adapted	into	wearable	sweat	sensors	with	two	fully	integrated	systems	for	sweat	sensing	wearable	electronic	circuitry	in	two	configurations	of	flexible	electronic	components	incorporating	an	RFID	antenna	coil	integrated	onto	a	bandage	type	substrate	 [84]	 and	 a	 flexible	 printed	 circuit	 board	 incorporating	 multiple	modules	for	signal	transduction,	processing	and	wireless	communication	[85].		Bauer	 [139]	 recently	 presented	 an	 overview	 of	 electronic	 skins	 enabling	 the	incorporation	of	electronic	components	and	displays	directly	on	the	skin	surface	(a,	Figure	1-6)	[140],	[141].	The	development	of	these	components	are	continue	to	benefit	from	materials	research	such	as	the	use	of	silver	nanowires	[142]	and	carbon	 based	 nanomaterials	 such	 as	 CNTs	 [143]	 and	 graphene	 [144]	 in	 the	
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development	of	electrodes	for	flexible	and	stretchable	electronics	[137].	Another	emerging	field	in	wearable	electronics	is	the	production	of	circuits	on	fabric,	also	known	 as	 ‘textile	 circuitry’	 [145]	with	 a	 host	 of	 techniques	 such	 as	 e-broidery	and	 fabric	 soldering	 [146],	 [147]	 being	 developed	 which	 will	 enhance	 the	opportunities	for	wearable	textile	based	sensors.	
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1.4.2 Wearable	Power	Supply		Miniaturised	 sensors	 and	 electronic	 components	 and	 circuits	 are	 enabling	 the	development	of	 small	 and	 flexible	wearable	devices	but	 the	operation	of	 these	devices	 is	 often	 dependent	 on	 power	 supplies	 such	 as	 standard	 lithium	 ion	 or	alkaline	batteries	which	add	 considerable	bulk	 and	 rigidity	 [150].	As	 shown	 in	section	 1.2.1.3	 Rose	 et	 al.	 [84]	 developed	 a	 fully	 integrated	 wearable	 sweat	sodium	sensor	 incorporating	an	RFID	transponder	chip	with	energy	harvesting	capabilities	allowing	battery	free	operation.	Battery	free	operation	is	not	always	an	 option	 meaning	 the	 development	 of	 advanced	 miniaturised	 batteries	 is	required	to	fully	realise	the	potential	of	miniaturised	flexible	wearable	devices.			The	 development	 of	 printed	 battery	 technology	 is	 using	 a	 combination	conventional	battery	chemistries	and	modern	fabrication	technologies	to	create	thin	 and	 flexible	 power	 supplies	 [151].	 Ostfeld	 et	 al.	 [152]	 have	 recently	presented	 a	 flexible	 power	 source	 integrating	 a	 lithium	 ion	 battery	 and	amorphous	silicon	solar	module	for	power	harvesting	and	supply	to	a	wearable	sensing	 device.	 Lee	 et	 al.	 [149]	 integrated	 nickel	 coated	 polyester	 yarn	 and	polyurethane	 with	 lightweight	 solar	 cells	 to	 produce	 solar	 powered	 wearable	textile	 batteries	 (c,	 Figure	 1-6).	 An	 attractive	 approach	 to	 powering	 wearable	devices	is	in	the	use	of	biofuel	cells	which	could	harvest	energy	directly	from	the	user	 [150].	 Ogawa	 et	al.	 [148],	 [153]	 have	 demonstrated	 stretchable	wearable	biofuel	 cell	 utilising	 textile	 immobilised	 enzymes	 as	 anodes	 and	 cathodes	 (b,	Figure	1-6).	The	further	development	of	these	and	novel	wearable	batteries	will	provide	a	wealth	of	choices	in	the	production	of	future	wearable	sensors.		
1.5 Conclusion		This	 review	 presented	 an	 insight	 into	 the	 current	 state	 of	 wearable	 sensing	technology	 with	 a	 focus	 on	 non-invasive	 chemical	 sensing.	 The	 quality	 and	impact	 of	 the	 technology	 presented	 reflects	 an	 exciting	 time	 in	 sensor	development	 and	 integration.	 In	 sweat	 sensing	 the	 fully	 integrated	 devices	
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beginning	 to	 emerge	 are	 but	 initial	 examples	 of	 the	 wide	 variety	 of	 advanced	wearable	platforms	which	will	be	realised	in	the	coming	decade.	The	continued	emergence	and	success	of	non-invasive	wearable	platforms	will	depend	on	 the	further	 development	 and	 integration	 of	 low	 cost,	 simple	 and	 effective	 sensors	such	 as	 ISEs	 with	 advanced	 technologies	 in	 fields	 such	 as	 electronics	 and	materials	 science	 for	 the	 realisation	 of	 novel	 miniaturised	 wearable	 sensing	devices.			
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Chapter	2 The	Development	and	Characterisation	of	a	
Miniaturised	Solid	Contact	Electrochemical	Sensor	for	the	
Determination	of	Sodium	Concentration	in	Sweat.		
2.1 Introduction		In	 the	 last	 decade	 there	 has	 been	 considerable	 movement	 towards	 the	application	of	microfluidics	to	miniaturise	sensing	platforms	in	order	to	develop	low	cost	and	portable	devices	for	a	range	of	applications	including	point	of	care,	wearable	 and	 environmental	 monitoring	 [1]–[3].	 The	 realisation	 of	 these	miniaturised	platforms	is	dependent	on	the	development	of	miniaturised	sensing	technology,	often	employing	colorimetric	or	electrochemical	methods	[4]–[6].			Ion	selective	electrodes	(ISE)	are	an	example	of	a	type	of	electrochemical	sensor	commonly	used	 in	microfluidic	platforms	[7].	 ISEs	allow	the	quantification	of	a	specific	 ion	 in	 a	 solution	 by	 converting	 ionic	 activity	 into	 electrical	 potential	which	can	then	be	read	and	analysed.	Conventionally	these	electrodes	consist	of	an	 internal	 electrolyte	 solution	 between	 an	 ion	 selective	 membrane	 and	reference	electrode	 to	establish	a	constant	phase	boundary	potential	 to	govern	the	membrane	 response	 [8],	 [9].	 As	 the	 internal	 solution	makes	miniaturising	these	 electrodes	 difficult	 alternative	 strategies	 utilising	 solid	 state	 electrodes	were	developed	[10].			Solid	 contact	 ISEs	 (sc-ISE)	 employ	 a	 conducting	 substrate	 and	 a	 solid	 ion	 to	electron	 transducer,	 removing	 the	 need	 for	 internal	 electrodes	 and	 electrolyte	solutions	 [11].	 One	 of	 the	most	 common	 type	 of	materials	 used	 in	 sc-ISEs	 are	conducting	 polymers	 (CP)	 owing	 to	 a	 range	 of	 factors	 including	 ease	 of	electrodeposition	on	a	large	amount	of	substrates	and	mixed	electronic	and	ionic	conductivity	making	 them	 very	 effective	 ion	 to	 electron	 transducers	 [12].	 ISEs	have	 been	 developed	 to	 quantify	 over	 70	 analytes	 and	 used	 for	 a	 range	 of	different	 applications	 from	 the	 the	 detection	 of	 heavy	 metals	 such	 as	 Pb2+	 in	
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environmental	 samples	 to	 the	determination	of	pH,	Na+	 and	K+	 levels	 in	 sweat	and	saliva	[13]–[18].		As	the	number	of	publications	utilising	sc-ISEs	has	increased	in	recent	years	so	too	has	 the	number	of	 critical	 studies	 into	 their	 characteristics	 and	 limitations	[9],	 [19].	 The	 most	 commonly	 discussed	 criteria	 concerning	 sc-ISEs	 involve	stability	 and	 reproducibility	 of	 the	 electrode	 potential.	 An	 important	 step	 in	establishing	 stability	 of	 electrode	 potential	 is	 conditioning.	 When	 initially	immersed	in	a	solution	containing	the	ion	of	interest	ISEs	will	display	a	high	level	of	 potential	 drift,	which	decreases	 and	 stabilises	 to	 a	 state	of	 equilibrium	with	prolonged	 exposure	 [11].	 Therefore	 it	 is	 necessary	 to	 pre-condition	 ISEs	 in	electrolyte	 solution	 for	 a	 period	 of	 time	 before	 calibration.	 The	 conditioning	period	 can	 range	 from	 minutes	 to	 several	 hours	 depending	 on	 the	 electron	conducting	and	solid	contact	materials	used	[20].		This	work	presents	the	miniaturisation,	optimisation	and	characterisation	of	an	ISE	 for	 the	 monitoring	 of	 Na+	 levels	 in	 sweat.	 The	 sensor	 is	 a	 screen	 printed	electrode	(SPE)	consisting	of	a	solid	contact	Na+	ISE	alongside	an	ionogel-based	solid	contact	reference	electrode	[21],	[22].	The	study	consisted	of	optimisation	of	 the	 conditioning	 step,	 determination	of	 the	 reproducibility	 of	 the	 electrodes	and	investigation	of	the	stability	of	the	electrodes	during	dry	storage	and	during	prolonged	testing.	
2.2 Experimental	
2.2.1.1 Materials			The	 carbon	 and	 dielectric	 inks	 used	 in	 the	 preparation	 of	 the	 screen-printed	electrodes,	SPE’s,	were	obtained	from	Gwent	Inc.	Pontypool,	UK	(product	codes	C2030519P4	 and	 D50706D2,	 respectively).	 PET	 sheets	 (0.175mm	 thick	 HiFi,	Dublin,	 Ireland)	were	used	as	 the	electrode	substrate,	while	pressure-sensitive	adhesive	(86	μm,	PSA-AR9808,	Adhesives	Research,	Ireland)	and	PMMA	(0.5	mm	thick)	was	obtained	from	GoodFellow,	UK.			
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the	following	sequence:	2.5	μL	(once);	3	μL	(5	times);	2.5	μL	(once);	2	μL	(twice);	1.5	μL	(twice)	and	1	μL	(3	times)	in	order	to	build	up	polymer	layers	to	fill	the	3.5	 μL	 reservoir	 meaning	 a	 maximum	 of	 3.5	 μL	 can	 be	 added	 per	 step	 with	reductions	 in	 capacity	 with	 each	 subsequent	 addition.	 	 For	 the	 reference	membrane,	a	cocktail	was	prepared	of	ionic	liquid	(IL)	vortexed	for	1	h	with	the	acrylate	 monomer(s),	 the	 cross-linker	 and	 the	 photoinitiator.	 This	 was	 then	photopolymerised	within	the	3	mm	reservoir	by	irradiation	for	32	minutes	with	a	CL-1000	ultraviolet	cross-linker	UVP	source.			
2.2.1.3 Electrode	Characterisation		A	number	of	tests	were	carried	out	to	assess	the	reproducibility	and	stability	of	the	electrodes.	The	potentiometric	responses	of	both	the	ISE	and	RE	electrodes	to	 changes	 in	 Na+	 concentration	 were	 monitored	 using	 the	 multi	 channel	voltmeter,	 MCV,	 capabilities	 of	 an	 EMF-16	 channel	 system	 from	 Lawson	 Labs	(USA).	 Measurements	 were	 carried	 out	 against	 a	 double-junction	 Ag/AgCl	reference	 electrode	 (Sigma-Aldrich,	 Dublin).	 A	 custom	 experimental	 setup	was	designed	 using	 CAD	 software	 to	 allow	 the	 lowering	 of	 four	 combination	electrodes,	 each	 consisting	 of	 an	 ISE	 and	 RE	 electrode,	 in	 parallel	 in	 a	 single	beaker.			In	order	to	minimise	potential	drift,	evident	when	the	ISEs	are	initially	exposed	to	a	solution	of	the	ion	of	interest,	conditioning	is	required	involving	hydration	in	a	 solution	 of	 the	 target	 ion	 until	 equilibrium	 is	 reached	 the	 potential	 signal	reaches	a	 steady	state	 indicating	equilibrium	has	been	reached.	The	electrodes	were	conditioned	by	being	lowered	into	a	solution	of	10	mM	NaCl	and	monitored	using	the	MCV	for	a	range	of	conditioning	periods.	3	conditioning	periods	were	investigated	16	hours	(overnight),	2	hours	and	1	hour.	 	The	sensors	were	then	calibrated	by	 lowering	 them	 into	a	 solution	of	 low	NaCl	 concentration,	0.01	or	0.1	mM,	before	stepwise	additions	of	1M	and	5M	NaCl	to	increase	Na+	activities	from	10-4	 to	10-1	 in	decade	 intervals.	Na+	concentration	was	 converted	 to	 ionic	activity	using	its	direct	relationship	with	activity	and	the	Na+	activity	coefficient	calculated	 using	 the	 Debye-Huckel	 equation	 [24],	 [25].	 Stability	 studies	 were	
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performed	by	calibrating	the	electrodes	before	and	after	dry	storage	of	13	to	19	days.	After	testing	the	electrodes	were	rinsed	with	0.1	mM	NaCl	solution,	dryed	gently	and	stored	in	the	dark	at	room	temperature.		A	study	was	also	carried	out	to	mimic	sustained	exposure	to	Na+	concentrations	commonly	found	in	sweat	and	assess	their	effect	on	electrode	performance.	The	procedure	involved	calibrating	the	electrodes	with	the	method	described	above	before	exposing	them	to	10mM	NaCl,	representative	of	a	low	sweat	sodium	level,	for	 120	 min	 followed	 by	 another	 calibration.	 This	 was	 followed	 by	 120	 min	exposure	 to	 50mM	NaCl,	 representative	 of	 a	 high	 sweat	 sodium	 level	 before	 a	final	calibration.		
2.3 Results	and	Discussion		
2.3.1 Conditioning	Studies		In	 order	 to	 evaluate	 the	 impact	 of	 conditioning	 duration	 on	 the	 electrode	performance	 the	 electrodes	 were	 initially	 monitored	 during	 15	 hour	conditioning	before	a	four	point	calibration	was	carried	out.	These	results	were	then	compared	with	those	of	a	reduced	conditioning	period	of	2	hours.	
2.3.1.1 Overnight	Conditioning		Two	combination	electrodes	were	initially	conditioned	in	10	mM	overnight	while	connected	to	the	MCV	to	monitor	potential	response	against	an	external	Ag/AgCl	reference	electrode.	The	signal	of	2	of	 the	electrodes,	 ISE	2	and	RE	1	appeared	stable	over	the	initial	300	min	but	began	to	drift	steadily	for	the	remaining	600	min	 	 (Figure	 2-3).	 ISE	 1	 showed	 an	 initial	 increase	 in	 signal	 before	 exhibiting	similar	behaviour	to	ISE	2.	RE	2	showed	drift	throughout	starting	at	ca.	310	mV	and	drifting	to	ca.	180	mV	at	900	min.	
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Table	2-1:	Calibration	data	of	3	sensors	tested	before	and	after	dry	storage	of	13	(sensors	1	and	2)	
and	19	days	 (sensor	 3),	with	 data	 from	external	 reference	 vs	 solid	 contact	 ISE	 and	RE	beside	 the	
combination	electrode	(CE)	values	of	the	combined	solid	contact	cell.		
Sensor	1:	13	Day	Stability	Study	
	
Log	aNa+	
Δ	mV	Between	Days		
RE	1:	Day	1	to	13	 ISE	1:	Day	1	to	13	 CE	1:	Day	1	to	13	
-4.01	 +10	 -26	 -36	
-3.02	 +6	 -31	 -37	
-2.05	 +7	 -33	 -40	
-1.11	 +9	 -30	 -39	
	
Day	1	
Slope	RE	1	 Slope	ISE	1	 Slope	CE	1	
1.98	 60.97	 58.99	
Day	13	 1.76	 59.50	 57.74	
	
	
Sensor	2:	13	Day	Stability	Study	
	 Δ	mV	Between	Days	
Log	aNa+	 RE	2:	Day	1	to	13	 ISE	2:	Day	1	to	13	 CE	2:	Day	1	to	13	
-4.01	 -12	 -30	 -18	
-3.02	 -14	 -35	 -21	
-2.05	 -14	 -36	 -22	
-1.11	 -10	 -35	 -25	
	
Day	1	
Slope	RE	2	 Slope	ISE	2	 Slope	CE	2	
1.05	 61.91	 60.85	
Day	13	 1.66	 60.23	 58.57	
	
	
Sensor	3:	19	Day	Stability	Study	
	
Log	aNa+	
Δ	mV	Between	Days	
RE	3:	Day	1	to	19	 ISE	3:	Day	1	to	19	 CE	3:	Day	1	to	19	
-4.01	 -59	 -18	 +41	
-3.02	 -59	 -38	 +21	
-2.05	 -59	 -45	 +14	
-1.11	 -57	 -47	 +10	
	
Day	1	
Slope	RE	3	 Slope	ISE	3	 Slope	CE	3	
1.35	 68.35	 67.00	
Day	19	 1.97	 58.56	 56.59	
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The	 difference	 in	 the	 potentiometric	 signals	 at	 each	 concentration	 for	 each	electrode	from	the	first	and	last	day	of	testing	varied	according	to	each	sensor.	The	REs	showed	the	most	variation	between	sensors	with	an	increase	of	10	and	9	mV	for	the	lower	and	higher	Na+	concentrations	respectively	observed	for	RE1	while	the	other	13	day	test	RE	2	showed	a	decrease	of	12	and	10	mV	at	the	same	concentrations.	The	variation	shown	by	 the	RE	of	sensor	3,	 stored	 for	19	days,	contrasts	 significantly	more	with	 a	 decrease	 of	 59	 and	 57	mV	observed	 at	 the	higher	 and	 lower	 concentrations	 respectively.	 These	 varying	 changes	 in	 RE	potential	 signal	 over	 time	 could	 be	 attributed	 to	 physical	 changes	 caused	 by	drying	and	rehydration	of	 the	 ionogel	based	reference	membrane.	 Importantly,	no	major	variation	was	observed	for	the	responses	of	the	REs	between	the	four	calibration	solutions	with	 initial	and	final	slopes	of	1.98	and	1.76	mV,	1.05	and	1.66	mV	and	1.35	and	1.97	mV	for	sensors	1,	2	and	3	respectively.		The	ISE	potential	signals	between	the	first	and	last	day	varied	significantly	less	than	 the	 RE	 when	 compared	 between	 the	 sensors.	 Sensors	 1	 and	 2,	 both	monitored	after	13	days,	showed	changes	of	-26	and	-30mV	and	-30	and	-35	mV	for	the	lowest	and	highest	Na+	concentrations	respectively.	The	sensor	stored	for	19	days	showed	a	smaller	difference	of	-18	mV	at	the	lowest	concentration	and	a	larger	difference	of	-47	mV	at	the	higher	concentrations.	The	effects	of	storage	on	ISE	sensitivity	over	13	days	displayed	as	a	2.41%	decrease	in	slope	for	sensor	1	and	 a	 2.71%	 decrease	 in	 sensor	 2.	 The	 ISE	 of	 sensor	 3,	 stored	 for	 19	 days,	showed	a	more	extensive	change	in	sensitivity	with	a	14.32%	decrease	in	slope.			The	 effects	 of	 storage	 on	 the	 whole	 Na+	 combination	 electrode	 system	 is	observed	 by	 analysis	 of	 the	 combined	 electrode	 slopes,	 considering	 effects	 on	both	 RE	 and	 ISE	 elements,	 representing	 the	 effect	 on	 Na+	 sensitivity	 (see	Appendix	 Figures	 A-1	 to	 A-3).	 Sensors	 1	 and	 2,	 both	 stored	 dry	 for	 13	 days,	showed	2.12	and	3.75%	decrease	in	sensitivity.	Sensor	3,	stored	dry	for	19	days,	showed	a	15.54%	decrease	in	sensitivity.			The	potential	drift	and	reduction	in	sensitivity	suggest,	in	the	case	of	dry	storage,	that	 a	 calibration	 should	 take	 place	 as	 near	 as	 possible	 or	 directly	 before	 an	
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electrode	is	to	be	used	for	the	identification	of	unknown	samples	to	optimise	the	accuracy	 of	 the	 test.	 Possible	 causes	 identified	 for	 drift	 in	 sc-ISEs	 include	leaching	of	constituents	from	the	membrane	layer	into	the	sample	solution	and	the	formation	of	a	water	layer	between	the	ISE	and	solid	contact	layer	[11].	Due	to	the	small	sample	size	this	study	can	only	give	a	brief	insight	into	the	effects	of	storage	on	the	electrodes.	A	 larger	sample	set	and	more	extensive	study	would	be	needed	to	fully	define	the	potential	drift	and	determine	the	cause.		
2.3.3.2 Stability	After	Prolonged	Na+	Exposure		The	purpose	of	the	Na+	electrodes	is	to	monitor	sweat	sodium	levels	in	real	time	during	 exercise.	 For	 this,	 they	will	 be	 exposed	 to	 the	Na+	 concentration	 of	 the	sweat	for	the	duration	of	the	test	(30-120	min).	To	determine	the	effect	that	the	normal	 range	of	 sodium	 in	 sweat,	 14.4-54	mM	 [29],	 has	on	 the	 electrodes	 two	electrodes	 were	 conditioned	 and	 calibrated	 as	 in	 the	 previous	 stability	 study.	The	electrodes	were	then	immersed	in	10mM	NaCl	for	120	min	before	a	repeat	calibration	in	order	to	simulate	the	long-term	effects	of	a	low	Na+	sweat	sample	on	the	electrode.	This	was	then	repeated	with	50mM	NaCl	to	simulate	long	term	exposure	to	a	high	Na+	sweat	sample	(see	Appendix	Figures	A-4	and	A-5).		Table	 2-2	 presents	 the	 changes	 in	 potential	 and	 sensitivity	 of	 the	 2	 sensors	between	the	3	calibrations.	The	changes	in	potential	at	the	higher	concentrations	in	the	2	sensors	were	more	similar	than	those	at	the	lower	Na+	activities.	This	is	particularly	 evident	 from	 the	 initial	 calibration	 after	 the	 120	 min	 10	 mM	exposure	with	a	range	of	-3.10	to	+0.02	at	Log	aNa+	-4.01	comparing	with	-7.97	to	-7.04	at	Log	aNa+	-1.11.		This	reflects	the	observations	made	in	section	2.3.2	that	the	electrodes	show	higher	reproducibility	at	higher	concentrations.			The	potential	varies	more	as	a	result	of	the	120	min	exposure	to	the	50	mM	than	that	of	10	mM	Na+.	An	example	of	 this	 is	 at	 the	Log	aNa+	 -1.11	potential	where	sensor	1	 shows	a	7.97	mV	decrease	after	 the	10	mM	exposure	and	a	12.76mV	after	the	50	mM	exposure,	while	sensor	2	shows	decreases	of	7.04	mV	and	14.75	mV	 at	 the	 same	 points.	 This	 variation	 in	 sensor	 behaviour	 when	 exposed	 to	
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different	Na+	concentrations	emphasizes	the	need	for	further	tests	to	fully	define	the	behaviour	so	that	it	can	be	accounted	for	during	real	time	analysis.		
Table	 2-2:	 Calibration	 data	 for	 2	 Na+	 combination	 electrodes	 over	 3	 calibrations	 monitoring	 the	
effect	 of	 prolonged	 exposure	 to	 2	 varying	 concentrations	 of	 Na+.	 Cal	 A	 was	 after	 a	 60	 min	
conditioning	step	in	10mM	NaCl	before	120	min	in	10	mM	NaCl	followed	by	Cal	B	and	finally	120	min	
in	50	mM	NaCl	followed	by	Cal	C.	Also	presented	are	the	changes	in	potential	from,	initial	calibration	
to	10	mM	incubation	(0-120	min),	10	mM	to	50	mM	incubation	(120-240	min)	and	over	the	entire	
study	period	(0-240	min)	 Sensor	1		 Potential	(mV)	 Δ	mV	Between	Cals	
Log	aNa+	 Cal	A	
0	min	
Cal	B	
120	min	
Cal	C	
240	min	
0-120	
min	
120-240	
min	
0-240	
min	
-4.01	 -34.61	 -37.71	 -46.08	 -3.10	 -8.37	 -11.47	
-3.02	 14.15	 7.83	 -2.12	 -6.33	 -9.95	 -16.27	
-2.05	 65.04	 57.81	 46.46	 -7.23	 -11.35	 -18.58	
-1.11	 117.05	 109.08	 96.31	 -7.97	 -12.76	 -20.74	
Slope	 52.42	 50.80	 49.29	 	
	
	 Sensor	2		 Potential	(mV)	 Δ	mV	Between	Cals	
Log	aNa+	 Cal	A	
0	min	
Cal	B		
120	min	
Cal	C	
240	min	
0-120	
min	
120-240	
min	
0-240	
min	
-4.01	 -66.87	 -66.84	 -72.67	 +0.02	 -5.83	 -5.80	
-3.02	 -12.03	 -16.14	 -25.31	 -4.11	 -9.17	 -13.28	
-2.05	 42.15	 36.60	 23.71	 -5.55	 -12.89	 -18.44	
-1.11	 95.53	 88.49	 73.74	 -7.04	 -14.75	 -21.79	
Slope	 56.11	 53.76	 50.60	 	
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2.4 Conclusion		This	work	highlights	the	development	of	minituarised	screen	printed	electrodes	for	monitoring	of	Na+	levels	in	sweat	samples.	Initial	electrodes	submitted	to	an	overnight	conditioning	step	yielded	low	sensitivities	while	reduced	conditioning	time	 of	 <	 120	 min	 resulted	 in	 near-Nernstian	 sensitivities.	 The	 electrodes	exhibited	high	reproducibility	 (section	2.3.2)	but	a	preliminary	study	 indicated	potential	 drift	 and	 loss	 of	 sensitivity	 during	 dry	 storage	 and	 prolonged	 ion	exposure	(section	2.3.3).			The	 reproducibility	 of	 the	 electrodes	 suggest	 that	 they	 would	 be	 suitable	 for	integration	into	a	platform	for	real-time	electrolyte	monitoring	of	sweat	and	the	subsequent	 generation	 of	 preliminary	 data	 for	 on-body	 testing.	 The	 stability	tests,	however,	 indicate	 the	need	 for	pre	and	post-trial	 calibrations	 in	order	 to	give	 the	 most	 accurate	 comparisons	 for	 trial	 analysis.	 This	 will	 allow	 the	quantification	of	potential	drift	over	the	duration	of	the	trial	which	can	then	be	factored	 in	 when	 analysing	 Na+	concentration	 to	 optimise	 the	 accuracy	 of	 the	results.			To	 further	 enhance	 electrode	 behaviour	 a	 comprehensive	 study	 should	 be	carried	 out	 to	 investigate	 optimal	 storage	 conditions	 and	 investigate	 possible	aqueous	 layer	 formation	 at	 the	 metal-solid	 contact	 interface	 and	 possible	leaching	of	 the	 ISE	membrane	constituents	 [11],	 [19].	Aqueous	 layer	 formation	can	be	investigated	with	the	use	of	advanced	techniques	such	as	electrochemical	impedance	 spectroscopy	 (EIS)	 and	 Fourier	 transform-infrared	 (FTIR)	 micro-spectroscopy	[30],	[31].		
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Chapter	3 The	 Design	 and	 Development	 of	 a	 Microfluidic	
System	for	the	Collection	and	Analysis	of	Sweat	in	a	Wearable	
Device		
3.1 Introduction		Medical	diagnosis	often	depends	on	the	retrieval	of	a	blood	sample	which	is	an	intrusive	process	involving	physical	trauma	and	often	poses	the	risk	of	infection.	This	 has	 led	 to	 the	 development	 of	 non-invasive	 alternatives	 often	 targeting	biofluids	such	as	saliva,	sweat	and	tears	as	readily	available	sources	of	relevant	biomarkers	 [1].	 Sweat	 is	 particularly	 interesting	 in	 this	 regard	 as	 it	 is	 an	abundant	 source	 of	 information,	 with	 analytes	 such	 as	 sodium,	 potassium,	lactate,	 glucose	 and	 ammonium,	 that	 is	 readily	 available	 for	 sampling	 from	multiple	sites	in	the	body	[2],	[3].			Sweat	 analysis	 is	 currently	 evolving	 from	 sample	 collection	 and	 subsequent	laboratory	 analysis	 to	 wearable	 devices	 which	 can	 analyse	 sweat	 in	 situ	autonomously	 [2],	 [4].	 Early	 sweat	 drug	 determination	 in	 the	 1970s	 collected	samples	 by	 rubbing	 the	 skin	 with	 cotton,	 gauze	 or	 towel	 or	 by	 applying	 an	occlusive	bandage	consisting	of	three	layers	of	filter	paper	[5],	[6].	In	the	1990s	a	patch	designed	by	Pharmchem™	Laboratories	(Menlo	Park	CA,	USA)	was	used	in	many	 studies	 of	 drug	 presence	 in	 sweat	 [7],	 [8].	 Advanced	 collection	 patches	have	 been	 utilised	 for	 recent	 studies	 of	 sweat	 sodium	 levels	 [9],	 [10].	 The	Megaduct®	and	Macroduct®	collection	systems	were	developed	by	Wescor®	Inc.	(Logan,	UT,	USA)	 to	harvest	 sweat	by	 transferring	 it	 form	 the	base	of	 a	plastic	device	to	a	length	of	tubing	where	it	was	collected	by	capillary	action	for	use	in	the	diagnosis	of	cystic	fibrosis	[11].		Wearable	devices	for	sweat	analysis	have	employed	various	strategies	for	sweat	sampling.	Textile	based	sweat	sensing	has	seen	sensors	patterned	directly	onto	clothing	[12]–[14],	while	sensors	have	also	successfully	been	incorporated	onto	plastic	 and	 temporary-transfer	 tattoo	 paper	 for	 detection	 of	 various	 analytes	
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including	alcohol,	sodium	and	pH	[15]–[17].	Recently	a	fully	integrated	wearable	device	 incorporating	 flexible	 electronics	 was	 developed	 for	 multi-analyte	detection	 in	 sweat	 [18].	 While	 these	 devices	 represent	 major	 advances	 in	wearable	biochemical	sensing	they	involve	direct	contact	between	the	skin	and	sensor.	For	medium-long	term	monitoring	this	could	mean	that	the	final	sample	present	would	not	be	indicative	of	the	sweat	produced	at	that	time	but	rather	an	accumulation	of	the	sweat	generated	throughout	the	trial.			A	wearable	device	was	recently	developed	which	sampled	sweat	 from	the	skin	surface	 with	 an	 adapted	 macroduct®	 device	 and	 delivered	 it	 passively	 by	capillary	 action	 to	 an	 adsorbent	material	 which	wicked	 the	 sample	 across	 the	electrodes	for	real-time	analysis	to	a	reservoir	containing	cotton	material	which	absorbed	the	excess	sample	[19].	This	chapter	presents	the	design,	development	and	 characterisation	 of	 a	 fluidic	 system	 combining	 adsorbent	 material	 and	capillary	 channels	 for	 the	 collection	 delivery	 of	 a	 sweat	 sample	 over	 a	minituarised	 Na+	 sensitive	 electrode	 presented	 in	 chapter	 2.	 This	 system	 was	designed	for	easy	 incorporation	 into	a	 fully	 integrated	wearable	device	 for	real	time	sweat	analysis.		
3.2 Experimental		
3.2.1 Materials		Pressure-sensitive	adhesive	(86	μm,	PSA-AR9808,	Adhesives	Research,	 Ireland)	was	 used	 to	 bond	 the	 PMMA	 (0.3mm,	 0.5	 mm,	 1.5	 mm	 and	 3.0	 mm	 thick)	obtained	 from	 GoodFellow,	 UK	 which	 was	 laser	 cut	 to	 form	 the	 walls	 of	 the	fluidic	 chip.	 Two	 types	 of	 highly	 adsorbent	material	were	 obtained	 to	 provide	assisted	passive	flow	of	the	sample	across	the	electrodes	in	a	capillary	channel.	The	 first	 was	 a	 polypropylene/cellulose	 ‘compo	 wipe’	 composite	 material	(Superior	 Cleanroom	Products,	 product	 number	 87109)	 and	 the	 second	was	 a	30%	 cotton,	 70%	 cellulose	 Wettex®	 sponge	 cloth	(http://www.vileda.com/au/wettex-traditional-sponge-cloth-3pk-3587.html,	EAN	 9325005000031).	 Cotton	 threads	 in	 the	 channel	 (removed	 from	medical	
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bandages,	 W.O.W.	 Bandage	 BP,	 5	 cm	 ×	 5	 cm)	 were	 used	 to	 facilitate	 flow	 in	combination	 with	 the	 adsorbent	 material	 while	 ensuring	 contact	 between	 the	sample	and	the	device.		
3.2.2 Electrochemical	Sensors		The	 screen-printed	 combination	 electrodes	were	 prepared	 on	 a	 PET	 substrate	with	 the	 drop-cast	 Na+	 selective	 membrane	 and	 photo-polymerised	 reference	membrane	 prepared	 on	 an	 electrodeposited	 PEDOT/IL	 solid	 contact	 layer	 as	outlined	in	chapter	2.		
3.2.3 Microfluidic	Chip		
3.2.3.1 Microfluidic	Chip	Generation	1		A	 microfluidic	 chip	 was	 designed	 using	 CAD	 software,	 specifically	 for	incorporation	 into	 a	 fully	 integrated	 platform	 (chapter	 4),	 	 to	 provide	 passive	(pump-free)	 liquid	 flow	 ensuring	 the	 continued	 transfer	 of	 sample	 across	 the	electrodes	 to	 a	 sampling	 reservoir.	 This	 was	 achieved	 using	 a	 PMMA	 based	microfluidic	 chip	 (Figure	3-1)	 incorporating	 the	highly	 adsorbent	material	 and	cotton	 thread.	 The	 multilayer	 system	 (Figure	 3-2)	 was	 made	 using	 PSA	 and	PMMA	 layers	 cut	with	 a	CO2-laser	 ablation	 system.	The	PMMA	base	 (1,	 Figure	3-2)	 contained	 the	 inlet	 hole	 (for	 fluid	 transfer	 from	 the	 3D-printed	 sweat	harvesting	baseplate).	An	86	μm	 thick	PSA	 layer	was	used	 to	 attach	 a	 500	μm	thick	 PMMA	 (2,	 Figure	 3-2),	 cut	 to	 provide	 channels	 and	 location	 for	 the	adsorbent	material.		
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	These	results	show	that	the	sweat	flow	rate	through	the	device	can	be	controlled	through	 applying	 a	 constriction	within	 the	 fluidic	 system,	 and	 the	 flow	 rate	 is	linear	for	all	three	channel	widths	throughout	the	durations	of	the	experiments.			
3.3.3 Microfluidic	Chip	Generation	2			
3.3.3.1 The	Effect	of	Partial	Masking	on	Electrode	Performance		An	 alternative	microfluidic	 chip	 was	 developed	 to	minimise	 dead	 volume	 and	maximise	sample	capacity	in	the	sampling	reservoir	(Figure	3-3).	Instead	of	the	channel	 encompassing	 the	 area	 of	 the	 electrodes	 (2,	 3,	 Figure	 3-1)	 a	 straight	1.2mm	 channel	 (1,	 Figure	 3-3)	 was	 designed	 to	 bring	 the	 sample	 across	 an	exposed	1.2mm	central	section	of	 the	electrodes	while	 the	remaining	areas	are	covered	by	 the	PMMA	 layer.	The	effect	of	partially	masking	 the	electrodes	was	investigated	 by	 comparing	 the	 responses	 of	 a	 single	 sensor	 to	 changes	 in	 Na+	concentrations	 from	0.1	 to	 100	mM	 in	 decade	 intervals	 in	 the	 first	 generation	fluidic	 chip	 with	 those	 obtained	 with	 the	 masked	 configuration	 in	 the	 second	generation	 fluidic	 chip.	 Cleanroom	 compo	wipe	material	was	 used	 to	 facilitate	flow	 in	 both	 tests.	 The	 electrodes	 exhibited	 very	 similar	 responses	 in	 both	configurations	 at	 each	 concentration	 of	 0.1,	 1,	 10	 and	 100	 mM	 NaCl	 (Figure	3-13).		
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could	explain	the	variation	in	flow	rate	particularly	in	the	first	10	minutes	where	there	was	a	12.12	μL/min	difference	between	the	fastest	and	slowest	results.			As	these	flow	rates	are	well	beyond	sweat	flow	rates	suggested	in	the	literature	this	 fluidic	 chip	was	deemed	suitable	 for	 sampling	and	maintaining	 the	 flow	of	sweat	produced	during	on	body	trials	[20].		
3.4 Conclusion		This	 work	 resulted	 in	 the	 successful	 fluid	 handling	 system	 consisting	 of	 a	 3D	printed	 sweat	 harvester	 and	 a	 microfluidic	 chip	 utilising	 capillary	 action	 and	adsorbent	 material	 for	 continuous	 fluid	 sampling	 and	 collection.	 Cleanroom	compo	wipe	material	was	selected	as	the	best	means	of	facilitating	sample	flow	across	 the	 electrodes	 after	 comparison	with	 configurations	 using	 sponge	 cloth	material	to	wick	the	sample,	and	sole	capillary	action	in	an	empty	channel.	The	initial	 design	 of	 the	 chip	 was	 successfully	 adapted	 to	 increase	 maximum	sampling	capacity	from	342	to	803	μL	while	the	volume	of	the	channel	across	the	electrodes	was	reduced	from	7.1	to	4.7	μL.		The	sensor	and	fluidic	system	have	been	shown	to	successfully	collect	a	sample	continuously	 while	 monitoring	 the	 Na+	 content	 in	 real-time.	 The	 system	 was	therefore	deemed	ready	for	incorporation	into	an	integrated	wearable	platform	for	real	time	electrolyte	monitoring	in	sweat.	
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Chapter	4 The	Development	 of	 SWEATCH,	 a	 Fully	 Integrated	
Wearable	 Device	 for	 Real	 Time	 Monitoring	 of	 Electrolyte	
Levels	in	Sweat		
4.1 Introduction:		Interest	 in	real-time	monitoring	of	biochemical	parameters	using	wearable/on-body	 sensors	 is	 a	 rapidly	 growing	 area	 of	 research	 [1],	 due	 in	 part	 to	 the	convergence	of	interest	of	major	economic	sectors	in	applications	based	on	new	types	of	information.	ICT	companies	like	Apple	and	Google	are	exploring	ways	to	access	biochemical	 information	as	a	means	 to	move	beyond	 the	mature	sensor	technologies	currently	employed	 in	exercise	and	sports	apps	 that	 track	a	users	location,	 body	movements,	 temperature,	 energy	 expenditure	 and	 so	 on.	 These	are	 typically	based	on	physical	 transducers	or	 imaging	 technologies	embedded	within	 wristbands	 or	 smart	 phones.	 However,	 employing	 similar	 approaches	that	depend	on	 time-series	data	 to	 the	domain	of	biochemical	 sensing	 is	much	more	 difficult,	 due	 to	 the	 complex	 challenges	 associated	 with	 access	 to	representative	 samples	 (typically	 a	 body	 fluid)	 and	 the	 less	 predictable	behaviour	of	chemical	sensors	and	biosensors	over	time.		Since	 the	 exciting	 developments	 of	 the	 1980’s,	 the	 application	 of	 biochemical	sensing	to	real-time	monitoring	of	the	human	condition	has	scarcely	advanced	in	terms	 of	 the	 performance	 of	 the	 sensors.	 Today,	 the	 use-model	 has	 almost	entirely	 shifted	 away	 from	 the	 early	 over-optimistic	 promise	 of	 implantable	sensors	that	are	in	continuous	contact	with	blood	[2],	to	devices	sited	outside	the	body	that	somehow	can	access	an	information	rich	body	fluid,	like	sweat	[3],	[4]	or	saliva	[5].	For	the	past	several	decades,	the	predominant	use	model	for	health	related	diagnostics	has	been	the	disposable	single-shot	sensor	combined	with	a	finger	prick	access	to	blood	samples.			Examples	of	use	models	that	involve	real-time	monitoring	of	body	fluids	(albeit	over	 relatively	 short	 periods	 typically	 at	most	 up	 to	 several	 days)	 include	 the	
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integration	of	biosensors	with	contact	lenses	that	can	sample	and	report	on	the	composition	 of	 ocular	 fluid,	 which	 is	 in	 turn	 reflective	 of	 the	 systemic	 blood	composition	 [6].	 Perhaps	 the	 best-known	 example	 of	 this	 is	 the	 collaborative	venture	 between	 Google	 and	 Novartis	 [7],	 based	 on	 Parvis’s	 work	 on	 glucose	sensing	 [6].	 Printable,	 conformable	 biosensors	 have	 recently	 been	 integrated	onto	the	contact	lens	platform,	and	the	use	model	is	attractive	in	that	the	lens	is	disposable,	typically	being	replaced	on	a	daily	basis	[8].			Biochemical	 sensors	have	also	been	employed	on	 skin,	 either	 through	physical	attachment	 such	 that	 the	 sensors	 access	 sweat	 induced	 by	 exercise	 or	iontophoresis	 [9],	 or	 interstitial	 fluid	 accessed	 through	 the	 skin	 using	microneedles	 [10].	 The	 recently	 published	 sweat-band	 that	 can	 track	 the	wearer’s	 temperature,	 glucose,	 lactate,	 potassium	 and	 sodium	 from	 exercise	induced	 sweat	 appears	 to	 be	 a	 significant	 advance	 [11].	 The	 Abbott	 ‘Libre’	interstitial	 glucose	 sensor	 can	 be	 attached	 to	 the	 shoulder	 or	 other	 body	locations	using	a	customized	applicator	 that	simultaneously	punctures	 the	skin	to	 access	 interstitial	 fluid.	The	device	 can	be	 left	 in	position	 for	up	 to	2	weeks	according	 to	 the	 specifications	 [12].	The	group	of	Rogers	has	been	particularly	active	in	the	development	of	conformable	printable	electronics	and	sensors	that	are	produced	in	a	tattoo	format	that	can	be	transferred	to	the	skin	[13].	A	more	complete	overiew	of	non-invasive	electrochemical	wearable	sensors	can	be	seen	in	a	review	by	Bandodkar	and	Wang	[14].		As	 in	 all	 analytical	 methods,	 access	 to	 a	 representative	 sample	 is	 vital.	 With	biochemical	on-body	sensing	this	is	compounded	by	difficulties	associated	with	the	 need	 for	 invasive	 sampling	 through	 the	 skin	 to	 access	 blood	 or	 interstitial	fluid.	Sweat	and	ocular	fluid	are	particularly	attractive	analytical	media	as	access	is	 non-invasive.	 Sweat	 is	 obtained	 either	 through	 exercise	 or	 induced	 locally	using	 techniques	 like	 pilocarpine	 iontophoresis.	 Important	 applications	 for	sweat	analysis	relate	to	monitoring	of	personal	hydration	status	for	athletes	and	persons	 exposed	 to	 extreme	 conditions	 [15]	 and	 for	 certain	 clinical	 conditions	like	cystic	fibrosis,	in	which	the	normal	range	of	electrolyte	composition	of	sweat	becomes	 significantly	 unbalanced.	 Monitoring	 of	 sweat	 electrolytes	 could	 also	
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play	an	 important	 role	 in	qualifying	 the	efficacy	of	new	therapeutic	 treatments	for	conditions	like	Cystic	Fibrosis,	as	these	are	typically	designed	to	restore	the	normal	 intra-	 and	 extra-cellular	 electrolyte	 balance,	 which	 in	 turn	 should	 be	manifested	as	a	return	to	more	normal	sodium	levels	in	sweat	[14].		This	 work	 presents	 two	 platforms	 designed	 to	 harvest	 and	 analyse	 sweat	continuously	 as	 it	 emerges	 through	 the	 skin.	 Data	 generated	 is	 accessible	remotely	using	via	wireless	Bluetooth	connectivity.		
4.2 Experimental		
4.2.1 ISEs	and	Microfluidic	Chip		The	 screen-printed	 combination	 electrodes	were	 prepared	 on	 a	 PET	 substrate	with	 the	 drop-cast	 Na+	 selective	 membrane	 and	 photo-polymerised	 reference	membrane	 prepared	 on	 an	 electrodeposited	 PEDOT/IL	 solid	 contact	 layer	 as	outlined	in	chapter	2.	The	electrodes	were	integrated	into	the	microfluidic	chip	designed	with	 CAD	 software	 for	 integration	with	 a	 fluidic	 custom	made	 sweat	harvester	and	fabricated	from	laser	ablated	PMMA	and	PSA	layers	incorporating	adsorbent	material	for	sample	transport	and	storage	(chapter	3).		
4.2.2 Platform	Design		The	sweat-monitoring	platform	is	designed	to	allow	close,	direct	skin	contact	for	sweat	 sampling	 while	 protecting	 the	 individual	 device	 components	 within	 a	custom-designed	 enclosure.	 Two	 platform	 designs	 have	 been	 investigated,	 a	‘watch’	 type	 design	 in	 which	 the	 electronics	 and	 fluidics	 components	 are	arranged	 vertically	 (a,	 Figure	 4-1),	 and	 a	 ‘pod’	 like	 design	 in	 which	 the	electronics	 and	 fluidics	 components	 are	 arranged	 horizontally	 in	 separate	compartments	(b,	Figure	4-1).				
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combination	with	cotton	 thread,	as	 shown	 in	section	3.3.1.3.	This	material	was	also	cut,	with	a	CO2	laser,	to	the	shape	of	the	sampling	reservoir,	and	placed	to	act	as	collection	pads,	which	could	be	removed	for	subsequent	analysis.	The	pads	were	cleaned	with	DI	water	and	dried	before	use.	The	weight	of	the	pads	used	in	each	 trial	was	 taken	before	and	after	 the	 trial	 to	estimate	 the	volume	of	 sweat	collected.		All	 experiments	 involving	 human	 subjects	were	 performed	 in	 compliance	with	Irish	 Law	 and	 Institutional	 Guidelines,	 see	https://www4.dcu.ie/researchsupport/research	 ethics/guidelines.shtml,	 and	were	 approved	 by	 DCU	 Research	 Ethics	 Committee.	 Informed	 consent	 was	obtained	for	all	experiments	involving	human	subjects.	Trials	 lasted	from	15	to	60	min.		
4.3 Results	and	Discussion		
4.3.1 Electronics	Evaluation		A	direct	comparison	between	the	MCV	and	the	Shimmer	board	was	carried	out	to	evaluate	 the	 performance	 and	 suitability	 of	 the	 latter	 for	 integration	 into	 a	wearable	 device.	 Near-Nernstian	 calibration	 slopes	 were	 obtained	 from	 the	solid-state	 ISE-RE	 combination	 using	 the	 MCV	 bench	 and	 Shimmer	 board	 in	parallel,	 with	 excellent	 correlation	 between	 the	 two	 measurement	 systems,	suggesting	 that	 the	 electrodes	 and	 the	 Shimmer	 customized	 electronics	 board	were	functioning	satisfactorily	(Figure	4-3).			
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a	density	of	1	mg/µL,	 the	total	amount	of	sweat	gathered	was	ca.	100	µL.	 	 It	 is	difficult	to	say	exactly	when	the	sweat	began	to	flow	through	the	fluidic	system	during	 the	 initial	 4	min	 period,	 but,	 assuming	 it	was	 flowing	 for	 the	 entire	 15	minute	period,	we	can	estimate	the	average	sweat	flow	rate	to	be	ca.	6.5	µL/min.		
4.3.2.2 Trial	2		In	 the	 second	 trial	 sweat	was	 sampled	with	 the	pod	design	and	1st	 generation,	circular	 channel,	 fluidic	 chip	 from	 the	 upper	 arm	 of	 a	 29	 year	 old	 male	 for	 a	period	of	30	min	including	a	5	minute	warm	up	with	data	being	recorded	for	the	entire	duration.	After	an	initial	stable	signal	intermittent	noise	was	evident	from	5.25	to	18	min	(inset,	Figure	4-7)	before	steadying	for	the	remainder	of	the	trial.	This	noise	suggests	the	device	was	highly	sensitive	to	movement,	which	was	not	observed	 in	 the	 previous	 trial,	 meaning	 the	 connection	 may	 have	 been	 loose.	After	the	trial	this	data	was	processed	with	the	Matlab	API	to	remove	the	noise	and	give	a	signal	more	representative	of	Na+	concentrations	throughout	the	trial.				
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41.7	µL	 sweat	was	 collected	 from	 the	 sampling	 reservoir	 at	 the	 end	 of	 the	 30	minute	 trial	 suggesting	 a	 flow	 rate	 of	 1.39	µL/min.	 This	 value	 is	 less	 than	 the	flowrate	of	2.03	μL/min	±	0.38	observed	when	only	 thread	 is	 in	direct	 contact	with	 the	sweat	sample	(Figure	3.13)	suggesting	 that	 the	capillary	 inlet	was	not	filled	with	enough	sweat	 to	contact	 the	adsorbent	material	directly.	Since	 large	volumes	of	sweat	were	observed	on	the	volunteer	and	around	the	sampling	area	throughout	 the	trial	 it	suggests	 insufficient	contact	 to	cause	a	seal	between	the	sweat	 harvesting	 device	 and	 the	 test	 area.	 This	 could	 be	 an	 alternative	explanation	for	the	noise	between	5.25	and	18	min	(inset,	Figure	4-7)	 if	 loss	of	contact	 occurred	 during	 this	 period	 due	 to	 movement	 of	 the	 device	 causing	intermittent	contact	with	the	electrodes.		
4.3.2.3 Trial	3			An	 hour-long	 trial	 with	 the	 pod	 design	 and	 straight	 channel,	 generation	 2,	microfluidic	chip	was	carried	out	on	a	moderately	fit	28	year	old	male.	The	sweat	began	to	displace	the	priming	solution	at	10	min	before	reaching	a	stable	signal	representative	of	19	mM	Na+	at	25	min	(3,	Figure	4-8).	The	volunteer	 lifted	his	arm	at	47	minutes	which	was	followed	by	an	immediate	drop	in	potential	from	ca.	 50	mV	 to	 12	mV	 before	 stabilising	 at	 38	mV	 for	 the	 last	 12	minutes.	 This	movement	artefact	is	an	issue	as	this	could	cause	errors	in	the	interpretation	of	the	Na+	concentration.		The	cause	of	this	shift	might	be	due	to	movement	of	the	electrodes	inside	the	device	which	needs	to	be	prevented	in	future	trials.		
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be	 physically	 separated,	 and	 allows	 for	 larger	 sample	 storage	 volumes	 (and	therefore	use	periods)	due	to	the	increased	footprint.		This	work	has	demonstrated	a	wearable	prototype	platform	that	can:		
• Harvest	sweat	from	a	pre-selected	location	on	the	body	during	exercise	trials;	
• Transport	 the	 sweat	 from	 the	 skin	 to	 electrodes	 that	 measure	 the	 Na+	concentration	in	the	sweat;	
• Further	 transport	 the	 sweat	 to	 an	 in-device	 storage	 area	 for	 subsequent	analysis	post-trial;	
• Make	 the	 measured	 data	 available	 in	 real-time	 using	 Bluetooth	 wireless	connectivity.		The	 trials	 show	 the	 ability	 of	 the	 platform	 to	 continuously	 monitor	 real-time	sweat	 across	 the	device	 via	 the	 integration	of	 the	 sensing	 and	 fluidic	 elements	with	3D	printed	housing,	custom-built	electronics	and	a	customised	application	programming	 interface	 (API).	 This	 allowed	 the	 monitoring	 of	 sweat	 during	exercise	 for	up	 to	60	minutes	with	 the	 initial	 sweating	pattern	and	continuous	Na+	 levels	 observed.	 Varying	 levels	 of	 noise	 were	 evident	 during	 the	 trials	suggesting	 the	 need	 to	 better	 secure	 the	 internal	 fluidic	 and	 electronic	components	 and	 to	 optimise	 contact	 at	 the	 skin/SWEATCH	 interface	 in	 future	iterations	of	the	device.	The	ability	of	the	API	to	remove	significant	amounts	of	noise	and	allow	valuable	data	to	be	retrieved	was	evident	in	trial	2	showing	the	importance	of	user	interface	and	data	processing	and	collection.			These	platforms	can	be	developed	further	to	incorporate	detection	for	a	range	of	relevant	analytes	such	as	K+	and	other	relevant	analytes.	In	addition,	constricting	the	 width	 of	 the	 fluidic	 channel	 can	 vary	 the	 sampling	 flow	 rate	 through	 the	device.	 This	 work	 has	 presented	 very	 preliminary	 results	 from	 three	 limited	trials.	 Batches	 of	 these	 platforms	 are	 currently	 being	 fabricated	 for	 further	characterisation	and	use	in	scaled	up	trials	that	should	enable	a	clearer	picture	of	how	the	Na+	concentration	in	sweat	varies	during	exercise	trials	to	emerge.	
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Chapter	5 Conclusions	and	Future	Work		
5.1 Summary	of	SWEATCH	Platform	Development		The	 recent	 successes	 in	 mobile	 and	 wearable	 technologies	 including	 smart	phones	and	smart	watches	have	driven	investors	such	as	Google	and	Novartis	to	look	 for	 the	 next	 technological	 breakthroughs	 in	 the	 world	 of	 non-invasive	chemical	 sensing	 [1].	The	 arising	 economical	 and	 technological	 environment	 is	creating	optimal	circumstances	for	research	in	areas	such	as	chemical	sensing	to	be	 combined,	 in	 a	 multidisciplinary	 approach,	 with	 others	 to	 realise	 products	which	 may	 thrive	 in	 clinical	 and	 commercial	 settings	 such	 as	 non-invasive	wearable	sensing	[2],	[3].			As	outlined	 in	Chapter	1	 there	are	many	areas	within	non-invasive	 sensing	 for	which	wearable	technologies	can	and	are	being	developed	including	ocular	fluid,	saliva	 and	 sweat	 based	 sensing	 [4]–[6].	 Sweat	 based	 sensing	 is	 especially	desirable	as	 it	can	be	used	to	develop	devices	worn	on	many	areas	of	the	body	and	these	devices	can	be	based	on	or	combined	with	strategies	already	employed	in	 wearable	 devices	 such	 as	 fitness	 trackers.	 One	 example	 of	 this	 is	 the	development	 of	 sensors	 for	 real	 time	 electrolyte	 monitoring	 in	 athletes	 as	 a	means	 of	 identifying	 the	 non-symptomatic	 early	 stages	 of	 dehydration	 and	fatigue	[7],	[8].		The	 work	 presented	 in	 Chapters	 2	 to	 4	 aimed	 to	 develop	 a	 fully	 integrated	platform	for	Na+	detection	in	sweat.	The	work	incorporated	3	main	elements,	the	development	of	a	miniaturised	potentiometric	sensor	incorporating	solid	contact	Na+	ISE	and	RE	electrodes,	the	design	and	development	of	a	fluidic	system	for	the	sampling	of	sweat	from	the	skin	and	its	delivery	across	the	electrodes	and	finally,	the	integration	of	these	elements	with	electronics	and	3D-printed	housing	for	the	realisation	of	a	fully	integrated	platform	for	electrolyte	testing	in	sweat.		
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The	miniaturised	potentiometric	 sensor,	presented	 in	 chapter	2,	 consisted	of	 a	PET	substrate	with	3	 functional	 layers,	1;	a	screen-printed	electron	conducting	carbon	 layer,	 2;	 an	 electrodeposited	 PEDOT/Ionic-liquid	 solid	 contact	 ion	 to	electron	transduction	layer	and	3;	reference	or	ion	selective	capping	membrane	layers.	A	calixarene	based	compound	was	used	for	Na+	sensitivity	in	the	dropcast	ISE	 membrane	 [9]	 while	 an	 ionogel	 based	 photopolymerised	 membrane	 was	used	 for	 the	 RE	 [10].	 A	 test	 of	 ten	 of	 the	 combination	 ion	 sensitive/reference	electrodes	showed	reproducible	Nernstian	responses	of	58.9	mV/decade	±	1.59	mV	over	a	range	of	10-4	to	10-1	aNa+.			A	custom	designed	fluidic	system	was	developed	with	2	primary	components,	a	3D	printed	sweat	harvester	and	a	PMMA	based	microfluidic	chip	(see	chapter	3).	A	capillary	inlet	in	the	harvesting	device	directs	the	sample	into	the	microfluidic	chip	 through	 a	 channel	 across	 the	 ISE	 and	 RE	 and	 into	 a	 sampling	 reservoir.	Three	strategies	were	 investigated	 for	passive	 fluid	 transfer	 in	 the	microfluidic	channel	 with	 optimal	 results	 observed	 using	 a	 cotton	 thread	 and	 a	cellulose/polypropylene	 adsorbent	 material	 to	 assist	 flow	 in	 the	 capillary	channel.	 This	 configuration	was	 shown	 to	maintain	 flow	 across	 the	 electrodes	while	maintaining	an	accurate	representation	of	sample	Na+	activity	in	real	time.	Flow	rate	 can	be	varied	by	changing	 the	width	of	 the	connecting	channel	 from	the	electrodes	to	the	sampling	reservoir.		Chapter	 4	 presented	 SWEATCH,	 the	 end	 result	 of	 the	 platform	development,	 a	wearable	 fully	 integrated	 sweat	 electrolyte	 monitoring	 device	 in	 two	 designs	one,	 ‘watch’	 for	 sweat	 sampling	 from	 the	wrist	 and	 a	 ‘pod’	 shaped	 system	 for	adaptive	wearing	on	multiple	sites.	A	custom	designed	electronic	circuit	board,	powered	by	a	rechargeable	lithium	battery,	provided	data	collection,	processing	and	wireless	communication	via	a	Bluetooth	module.	3D-printed	housings	were	designed	 to	 hold	 the	 sensing,	 fluidic	 and	 electronic	 components	 and	 keep	 the	sweat	 harvesting	 component	 in	 contact	 with	 the	 skin	 during	 trials	 with	 a	stretchable	elastic	band.		
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commercial	 wearable	 device	 able	 to	 compete	 with	 established	 and	 emerging	non-invasive	chemical	sensors	[3],	[18],	[19].			Minimally	invasive	wearable	sensing	devices	such	as	the	interstitial	fluid	glucose	monitoring	Abbott	Freestyle	Libre	provide	safer	and	less	traumatic	alternatives	to	 traditional	 methods	 requiring	 blood	 samples	 [2].	 However	 these	 methods	require	 dermal	 penetration,	 which	 may	 still	 risk	 irritation	 and	 infection.	 An	interesting	optical	approach	to	non-invasive	chemical	sensing	can	be	seen	in	the	BSXinsight	 which	 monitors	 muscle	 oxygenation	 through	 real-time	 dynamic	changes	in	hemoglobin	and	myoglobin	inside	the	calf	muscle	in	order	to	calculate	lactate	threshold	in	cyclists	[20].	This	technology	is	effective	but	is	currently	only	available	for	a	very	specific	application	while	approaches	targeting	information	rich	bio-fluids	such	as	saliva,	tear	fluid	and	sweat	have	a	more	diverse	range	of	analytes	and	applications	[6],	[21],	[22].		Gao	et	al.	 [18]	 and	Rose	et	al.	 [19]	 have	developed	 fully	 integrated	devices	 for	non-invasive	monitoring	of	electrolytes	and	other	analytes	in	sweat	in	real-time.	These	flexible	and	wearable	devices	monitor	sweat	with	sensors	in	direct	contact	with	 sweat	 on	 the	 skin	 surface	 which	 may	 be	 susceptible	 to	 accumulation	 of	analytes	 in	 the	 sensing	 area	 which	 may	 prevent	 accurate	 analysis	 of	 sweat	samples	 in	 real-time.	SWEATCH	provides	a	means	of	 removing	 the	 sweat	 from	the	sampling	area	as	it	accumulates	moving	it	across	the	sensors	located	within	the	 device,	 for	 real-time	 monitoring	 of	 electrolytes,	 into	 a	 sampling	 reservoir	from	which	it	can	be	removed	for	further	analysis.		
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